The characteristics of turbulent boundary layer over streamwise aligned drag reducing riblet surface under zero-pressure gradient are investigated using particle image velocimetry. The formation and distribution of large-scale coherent structures and their effect on momentum partition are analyzed using two-point correlation and probability density function. Compared with smooth surface, the streamwise riblets reduce the friction velocity and Reynolds stress in the turbulent boundary layer, indicating the drag reduction effect. Strong correlation has been found between the occurrence of hairpin vortices and the momentum distribution. The number and streamwise length scale of hairpin vortices decrease over streamwise riblet surface. The correlation between number of uniform momentum zones and Reynolds number remains the same as smooth surface.
Introduction
The existence of multi-scale, randomly distributed coherent structures is well-known in the studies of the dynamic behavior of turbulent boundary layer. Hairpin vortex packets are the dominant coherent structures developing in the turbulent boundary layer. [1] [2] [3] [4] [5] [6] The hairpin vortices are widely distributed along the streamwise direction, inducing strong ejection (Q2) and sweep (Q4) events and high-level shear stress (Àhu'v'i). 7 Robinson 8 reviewed that vortex structures of various forms are widely distributed in the outer region. Adrian et al. 1 pointed out that hairpin-shaped vortices occur in streamwisealigned packets which propagate with small velocity dispersion in the outer region. Furthermore, Adrian 2 concluded that the hairpins are most common in the logarithmic layer and become less frequent with wall-normal height, occasionally penetrating across the entire turbulent boundary layer. Furthermore, Lee and Li 9 applied hydrogen bubble visualization and two-dimensional hot film measurement to investigate the soliton-like coherent structures and hairpin vortices, indicating that these coherent structures are dominant in almost all dynamic processes in both the early and later stages of boundary-layer transitions as well as in a turbulent boundary layer. By using two-dimensional Particle Image Velocimetry (PIV), Natrajan et al. 10 suggested that the three-dimensional hairpin vortices appear as pairs of counter-rotating spanwise vortices in the streamwise-wall-normal cross-section. The clockwise and counterclockwise rotating spanwise vortices (also referred to as prograde and retrograde spanwise vortices respectively) correspond to the head and neck portion of the hairpins. In the vicinity of the prograde vortices, much stronger activities of the ejection and sweep motions were observed in the experiment. Natrajan et al. 10 found that although the shear stress close to the core of prograde vortices is comparably small (5% -10%), the induced ejection and sweep events contribute significantly to the shear stress in the boundary layer, taking up 30% of the total mean shear.
The hairpin vortex structure can accelerate momentum transportation, thus modifying the momentum distribution in turbulent boundary layer. Instantaneous velocity field can be divided into several zones according to the Probability Density Function (PDF) of the streamwise velocity. Each zone has relative uniform streamwise momentum, referred to as Uniform Momentum Zone (UMZ). A steep velocity gradient appears across the edges of UMZ. 1 Adrian et al. 1 studied the instantaneous velocity field of turbulent boundary layer and found that the formation and distribution of UMZs are closely related to the occurrence of hairpin vortices. They pointed out that the UMZ edges pass through the core of hairpin vortex head. de Silva et al. 11, 12 compared the distribution and statistical properties of UMZ for the smooth surface turbulent boundary layers at different Reynolds numbers. They found that with the increase of Reynolds number, the average number of UMZs (N À UMZ ) gradually increases, holding a logarithmic relation between the former parameters. Wu and Christensen 13 studied the spatial distribution of spanwise vortices at different Reynolds numbers and showed that the number of spanwise vortices in the turbulent boundary layer increases with increasing Reynolds number. Furthermore, de Silva et al. 11 analyzed the synthetic instantaneous velocity fields that satisfy the attached eddy model proposed by Perry and Marusic, 14 and in this model the ''attached eddy" means a set of geometrically similar eddies consisting of a range of length scales with individual scales proportional to the distance at which the eddy is located from the wall. The comparison between the UMZ distribution obtained from Attached Eddy Model (AEM) and results obtained from the PIV measurement yields good agreement, 11 which further proved that the coherent structures are responsible for the distribution of UMZ in turbulent boundary layer.
Previous studies mainly focus on the dynamic behavior and momentum distribution of turbulent boundary layer over smooth surface. However, it is not clear whether surface type will affect the coherent structure and the UMZ characteristics. The surface texture, including riblets, dimples and roughness, has been actively investigated since 1980s due to their viscous drag reduction effect. [15] [16] [17] Wang et al. 18 investigated the statistical properties and coherent structures of turbulent boundary layer developed over riblet surface with hydrogen bubble flow visualization and Laser Doppler Velocimetry (LDV). They pointed out that the thickness of viscous sublayer and buffer layer increase over streamwise riblet surface compared with turbulent boundary layer over smooth surface, indicating the drag reduction effect. Bechert et al. 16 conducted extensive investigations on blade-shaped and trapezoidal-groove riblets, and showed the latter as a compromise between optimal drag-reduction performance and practical fabrication and maintenance. They proposed that with a spanwise spacing s + of 15-20 and height to span ratio (h/s) of 0.5-0.8, the streamwise riblets can lead to the maximum drag reduction of 10%. 16, 19 The drag reduction is proportional to the riblet size within a range of s + and h + . 16 However, further size increase leads to the breakdown of proportionality, and even drag increase. 20 A recent study on the drag-reduction of the riblets performed by Garcı´a-Mayoral and Jime´nez 21 showed that the breakdown of the proportionality can be better characterized by the riblet cross-section area instead of riblet spacing, and it is associated with the appearance of quasi-twodimensional spanwise vortices in buffer layer. They proposed a simplified stability model to approximately account for the drag-reduction change with the riblet cross-section area.
Two main mechanisms have been proposed to explain the physical mechanism behind the drag reduction effect of riblet surfaces. One suggests that the riblets suppress the momentum transport along spanwise direction, thus reducing the spanwise component of velocity fluctuations. 22 The other claims that the riblets with certain spanwise spacing have a 'lift-up' effect on streamwise vortices, which reduces the momentum transport along the wall-normal direction in the near wall region. 23 Besides, Bacher and Smith 24 proposed the second vortex group mechanism by considering the interaction of the counterrotating longitudinal vortices with small vortices created by them near the riblets peak, arguing that the secondary vortices would weaken the longitudinal vortices as well as retain the low-speed fluid within the riblets.
To further understand the drag reduction mechanism over directional riblet surface, Nugroho et al. 25 analyzed the effect of convergent and divergent riblets pattern on turbulent boundary layers using hot-wire anemometry. Results showed that the riblets introduce spanwise modification to the boundary layer, redistributing the large-scale coherent structures. The pre-multiplied energy spectra suggested that the energy magnitude of the coherent structures increases over convergent riblets while decreases over divergent riblets, indicating an evident directional influence. Compared to the streamwise riblets, the drag-reduction effect of the inclined riblets can be weakened by the increase of the yaw angle. 26 However, the spatial temporal distribution of the large-scale coherent structures cannot be directly obtained from the pointwise measurement. More detailed diagnostic techniques are needed. The present study uses particle image velocimetry to investigate the effect of streamwise riblet surface on the distribution of coherent structures in turbulent boundary layer. The distribution of uniform momentum zone is discussed and compared with smooth surface boundary layer, yielding the correlation between coherent structures and momentum distribution. The experimental setup and facilities are detailed in Section 2. The time-averaged and instantaneous properties of the turbulent boundary layer over both smooth and riblet surfaces are discussed in Section 3. The effect of streamwise riblet surface on the distribution of coherent structures and the relation with uniform momentum zones are analyzed. The Reynolds number influence on momentum distribution is further addressed.
Experimental setup test facilities
The experiment was performed in the closed-loop low-speed water tunnel of Beihang University (BUAA), with a test section of 3000 mm Â 600 mm Â 600 mm (length Â width Â height). The freestream velocity U 1 of the flow is 192 mm/s, with a turbulence level controlled below 1%.
A flat plate was mounted on the bottom wall of the water tunnel. The length, span and thickness of the plat are 2400 mm, 600 mm and 10 mm respectively. The front end of the flat plate has a sloping surface with length-to-height ratio of 8:1, which was used to avoid leading edge separation. Two types of plate surfaces, including smooth and streamwise riblet surface, were compared in this experiment. The experimental setup is shown in Fig. 1(a) . The riblet has a trapezoidal-shaped cross-section with a height (h) of 1.5 mm, a spanwise spacing (s) of 1.932 mm and a vertex angle of 60°, as shown in Fig. 1(b) . The non-dimensional spacing s + and height h + of the riblet are 16.3 and 12.6, within the range of maximum drag reduction. 16 The bottom plateau of 0.2 mm is observed due to limited machining precision. In order to obtain fully developed turbulent boundary layer before the measurement domain, cylindrical tripwires of 3 mm height were placed at the leading edge of the plate to trip early transition for both smooth and riblet surface (x = 0). The measurement domain starts from 1800 mm downstream of the tripwire location where the turbulent boundary layer has been fully developed. The measurement Field Of View (FOV) is 95 mm Â 95 mm. The boundary layer thickness of the tunnel side wall at the center location of the FOV is less than 35 mm, which is almost one order magnitude smaller than the half-width (300 mm) of the tunnel, and therefore the side wall effect on the flow can be neglected. The coordinate axes
x, y and z are designated as streamwise, wall-normal and spanwise direction, respectively. The corresponding velocities are represented by u, v and w. The origin of the coordinate system locates at the start of the measurement domain in streamwise direction and the smooth wall location in wall-normal direction, as shown in Fig. 1 .
Two-dimensional particle image velocimetry (2D-PIV) was used in the experiment to measure the instantaneous velocity field in the symmetric plane of the plates. The measurement plane (x-y plane) was illuminated by a Vlite-Hi-30 K solidstate laser (32 mJ/pulse, 527 nm wavelength, 3 kHz maximum frequency) with a laser thickness of approximately 1 mm. The laser sheet was placed at the peak of trapezoidal-shaped riblet. The fluid was seeded with hollow glass tracer particles with mean diameter of 10 lm and density of 1.05 g/cm 3 . The particle images were recorded by a high-speed CMOS camera (2048 pixels Â 2048 pixels, 21.7 pixel/mm) with an objective of 90 mm. Table 1 gives an overview of the parameters for the PIV measurement. The sampling frequency of the camera is 300 Hz. The particle displacement in the freestream is about 12 pixels. The particles have an image size of two or three pixels, which avoids the peak locking problem. 27 The velocity field is calculated using Multi-pass Iterative Lucas-Kanade (MILK) algorithm. 28 The final interrogation window is 32 pixels Â 32 pixels, with an overlap of 75%. The resultant vector pitch is 0.37 mm. 5456 single particle images were recorded in every sampling period. For each surface condition, five periods were tested. The total sampling time was more than 1.5 min, ensuring statistical convergence.
Results and discussion

Statistical analysis of turbulent boundary layer
For the turbulent boundary layer over smooth plate, the friction velocity (u s ) can be obtained by the linear fit to the logarithmic region in mean velocity profile. 29 Due to the uncertainty of the wall position caused by the riblet surface, a modification to the logarithmic equation is applied:
where j and B are the log-law constants,ŷ is defined as the wall-normal distance from the vertex of the riblets plus the roughness offset (ŷ ¼ y þ y v ) and Du þ is the velocity offset of the logarithmic profile caused by the riblets. Differentiating Eq. (1) by y yields 
where the friction velocity (u s ) and roughness offset (y v ) can be estimated by modified Clauser equation. The time-averaged velocity profiles along smooth and riblet surface are shown in Fig. 2 . Compared with the smooth surface, a significant upward shift of the logarithmic region is observed for the riblet surface. This is in agreement with the experimental result of Choi, 30 Bechert et al. 16 and Wang et al. 18 The detailed boundary layer properties are summarized in Table 2 , where U 1 and u s are free stream velocity and wall friction velocity, C f is the wall friction coefficient, d is the boundary layer thickness, Re s is the Reynolds number, and H is the shape factor. The boundary layer thickness over the riblet surface is similar to that of the smooth surface. The smaller friction velocity at the riblet surface indicates a skin friction reduction effect. The effect of riblet surface on velocity fluctuations is also analyzed with non-dimensional root mean square of the streamwise velocity (u þ rms ), as shown in Fig. 2(b) . Good agreement is found between the smooth surface measurement and the analytical model proposed by Marusic and Kunkel. 31 Over riblet surface, the velocity fluctuations decrease in the near wall region (y + < 60), reaching comparable level with smooth surface when moving away from the wall. As a result, the effect of riblet surface on velocity fluctuations mainly focuses on the viscous sublayer and buffer layer.
It has been found that the irregular rough surfaces will influence the shear stress within a turbulent boundary layer. 32 Cui et al. 33 and Wu et al. 34 studied the effect of convergent and divergent riblets on turbulent boundary layer and found that the two directional riblet surfaces have opposite effects on Reynolds shear stress. The convergent riblets cause an increased shear stress, while the divergent type leads to shear stress reduction. In the present experiment, the Reynolds shear stress (À<u'v'>) normalized by U 2 1 over the streamwise riblet surface is also compared with that of smooth surface, as shown in Fig. 3 . The shear stress over both surfaces reaches the maximum very close to the wall, followed by a rapid decrease when moving upward. Compared to the smooth surface, the Reynolds shear stress of the riblet surface is significantly reduced. When using y + as the wall-normal coordinate, Fig. 3 shows that the Reynolds shear stress of riblet surface is smaller than the smooth surface over the entire boundary layer. The change of the shear stress relates to the change of skin friction, which further reveals the drag reduction effect of the streamwise riblet surface.
Vortex structure
Vortex identification method
In order to detect spanwise vortices in the turbulent boundary layer over smooth and riblet surface, Galilean decomposition and swirling strength criterion are applied and compared by Cui et al. 33 The instantaneous vector field after Galilean decomposition is shown in Fig. 4(a) . Fig. 4(b) shows the prograde and retrograde vortices (colored blue and red) in boundary layer. The convective velocity U c of the spanwise vortices The swirling strength is calculated as follows:
where x z denotes the vorticity, k ci and K ci are swirling strength and swirling strength normalized by the vorticity. The rotating direction is determined by the sign of the local spanwise vorticity, as shown in Fig. 4(b) . Compared to Galilean decomposition, vortices with different convection velocities can be easily recognized. As a result, swirling strength is used as the main vortex identification method in the following analysis.
According to the analysis of Zhou et al., 35 Natrajan et al. 10 and Lee and Choi, 36 the prograde and retrograde vortices correspond to the head and neck portion of the hairpin vortices. Instead of good spanwise symmetry, the hairpin vortices usually appear as 'cane' shape, and therefore the spanwise vortices do not appear in pairs in single cross-plane. In the present experiment, the prograde vortices are more populated and have higher vorticity than retrograde ones, as shown in Fig. 4(b) . Strong ejection (Q2) and sweep (Q4) events are induced in the upstream (bottom) and downstream (top) of prograde vortices (see Fig. 4(a) C, E), leading to the formation of strong shear layer in the vicinity, which agrees with the analysis of Adrian, 2 Kang et al. 37 and Kim et al. 38 The former studies proposed that the skin friction is mostly contributed by the hairpin vortices. In the following analysis, the distribution of the hairpin vortex structures is represented by the spanwise prograde vortices, referred to as hairpin head. The effect of streamwise riblet surface on the distribution of hairpin heads and drag reduction will be further discussed.
Distribution of prograde vortices
In order to understand the effect of streamwise riblet surface on the distribution of prograde vortices, it is essential to accurately detect the vortex structures. Two major parameters have to be considered, namely the critical swirling strength (K ci ) and the vortex size. Following Wu and Christensen 13 and Cui et al., 33 the vortex structure is considered when K ci (x,y) is smaller than À1.5K rms ci ðyÞ. Furthermore, each vortex needs to have the spatial distribution larger than 5 vector grids in both streamwise and wall-normal directions. The inner scale is larger than 20y*, where y* = m/u s , similar to the threshold used by Wu and Christensen. 13 The number of prograde vortices over both smooth and riblet surfaces along wall-normal direction is shown in Fig. 5 . P p (y) is the number of prograde vortices at different wallnormal positions. The wall-normal positions of the vortices are decided by the vortex core. The wall-normal axis is nondimensionalized by boundary layer thickness and in wall unit, as shown in Fig. 5(a), (b) respectively. The number of prograde vortices increases steeply when moving from the wall until y/ d = 0.12 (y + = 60), followed by a slight decrease when further developing towards Turbulent/Non-Turbulent Interface (TNTI). The location of the largest number of vortices corresponds to the logarithmic region. Similar scenario on hairpin vortex distribution inside turbulent boundary layer was also observed by Adrian. 2 Over the entire boundary layer, the number of prograde vortices is smaller over riblet surface than that of smooth surface. The difference is more evident when using y + as the wall-normal height, indicating the impact of surface type on the vortex structures. 33 As surface skin friction highly relates to the hairpin vortices in the boundary layer, 38 the decrease number of hairpins yields lower friction velocity and skin friction, further proving the drag reduction effect of the streamwise riblet surface. 
Two-point correlation
In turbulent boundary layer, it has been suggested that the dominant coherent structure is the multi-scale hairpin vortex packets. 2 As discussed in Section 3.2.2, the streamwise riblet surface influences the number of hairpin vortices in turbulent boundary layer. The distribution of the hairpin vortices can be further characterized using two-point velocity fluctuation correlation, as the streamwise extent of the correlation coefficient relates to the distribution of hairpin packets at a certain height inside the boundary layer. 39 The quantitative analysis of the coherent structures is performed using two-point correlation as
where y ref is the reference wall-normal location, x r is the distance between two correlated points, and Á h i and k Á k represent the inner product and 2-norm of a matrix respectively.
The cross-plane contours of two-point velocity fluctuation correlation coefficient q uu for smooth and streamwise riblet surface boundary layer are shown in Fig. 6 , r x is the distance between the correlated points and d s is the boundary layer thickness of smooth surface. The reference wall-normal location is 0.2d, which is close to the location of the largest number of hairpin vortices. The correlation coefficient q uu has an inclination angle of 10.5°over both surfaces, close to the result by Christensen and Adrian. 40 Wu and Christensen 32 found that the distribution of the two-point correlation coefficient is sim-ilar for smooth and rough surfaces. Similar pattern of q uu is also found between smooth and riblet surface. The streamwise extent of q uu for the riblet surface is smaller than smooth surface type.
Quantitative characterization of the streamwise extent (L x ) of q uu is performed. According to Christensen and Wu, 41 the streamwise extent (L x ) at y ref = 0.2 is defined as two times the streamwise distance between the correlation level of 0.5 and the correlation peak, shown as L x = 2r x |q uu = 0.5 in Fig. 7 . L x is 12% smaller over riblet surface than smooth surface. Marusic 39 found that the number and distribution of hairpin vortices have a positive correlation with L x . As a result, the smaller L x over riblet surface agrees with the decreased number of prograde vortices (hairpin heads) estimated in Section 3.2.2. Similarly, Cui et al. 33 also found that for the riblet surface type of convergent and divergent direction, the number of prograde vortices increases with the increase of the streamwise extent, in accordance with present result. The variation of L x along wall-normal direction is provided in Fig. 8 . The increase of wall-normal distance from the wall leads to the growth of L x until y/d = 0.3, reaching a plateau further upward.
Effect of streamwise riblet surface on uniform momentum zones
UMZ detection and characterization
de Silva et al. 11 made a statistical analysis of the instantaneous velocity field measured by two-dimensional PIV using the probability density function. The characteristics of the momentum zone of turbulent boundary layer at different Reynolds numbers were obtained. The peak value of PDF for streamwise velocity is defined as the modal velocity. The boundary velocity of a UMZ is defined as the average of two neighboring modal velocities. The boundary between the region of maximum momentum and the non-turbulence region is known as TNTI. The TNTI is determined based on kinetic energy of 0.2 as used by Chauhan et al. 42 de Silva et al. 11 compared the PDF of the streamwise velocity within different streamwise range (from 0.2d to 2d) and found that the influence of domain length on the UMZ edge is negligible. Therefore, the steamwise velocity field within TNTI over the entire streamwise measurement range is considered in present work. From the previous analysis, the riblet surface influences the distribution of time-averaged velocity and velocity fluctuations. 18, 25 It is still questionable if the overall distribution of the uniform momentum zones will be changed.
The PDF of instantaneous streamwise velocity over both smooth and streamwise riblet surface is shown in Fig. 9 . The modal velocity of every UMZ is highlighted by hollow circle (). The UMZ edges between adjacent zones are shown by dash lines. The corresponding instantaneous streamwise velocity fields are shown in Fig. 10(a) and (b) , superimposed by the UMZ edges (black lines). Evident streamwise velocity variation can be found between different UMZs. Large streamwise velocity gradient along wall-normal direction dU/dy occurs at the UMZ edges, as shown in Fig. 10(c) and (d) , indicating the prevalence of prograde vortices. de Silva et al. 11 proposed that the formation of UMZ is closely related to the evolution and induction effect of hairpin vortex packets in the turbulent boundary layer. The large velocity gradient at the UMZ edge corresponds to the large spanwise vorticity, where hairpin vortices develop from. Adrian et al. 1 found that the UMZ edges pass through the core of hairpin heads, indicating the connection between UMZ and the distribution of coherent structures in the turbulent boundary layer, which can also be shown in Fig. 11 .
Effect of Reynolds number on UMZ
In the turbulent boundary layer, the number and scale of the coherent structures are significantly influenced by Reynolds number. As the distribution of UMZ is related to the hairpin vortex packets, the change of the Reynolds number will also influence the UMZ edge location and UMZ characteristics. de Silva et al. 11 studied the variation of the number of UMZ over the smooth surface turbulent boundary layer from medium to high Reynolds numbers. They pointed out that as the Reynolds number increases, the number of UMZ (N UMZ ) gradually increases. The average number of UMZ (N À UMZ ) follows a logarithmic relationship with Reynolds number. The PDF of the number of UMZs at different Re s is analyzed, as shown in Fig. 12(a) . The experimental results over smooth surface at medium to high Re s (Re s = 1400, 2800, 8000, 14500) of de Silva et al. 11 are compared, and the numerical results of Sillero et al. 43 at Re s = 1600 and 2500 are also included. In smooth surface boundary layer, the PDF of the number of UMZs shifts to the right with the increase of Reynolds number, indicating a positive correlation. The average number of UMZs of both smooth and riblet surface at different Reynolds numbers are summarized in Table 3 . The change of N À UMZ with Re s is plotted in Fig. 12(b) . Linear least-square fit is performed and shown as the black-dash line, yielding a logarithmic correlation. By further extending the linear fit to the lower Re s range (see the thick line), both smooth and riblet surface conditions of the current experiment fall on the linear fitting. It is conjectured that the number of UMZ is proportional to ln(Re s ), irrespective of the surface type.
Conclusions
In this paper, the effect of streamwise riblet surface on the development of turbulent boundary layer is investigated by the two-dimensional particle image velocimetry. Comparison has been made with smooth surface type, focusing on the influence of the streamwise riblet surface on turbulent statistics and coherent structures inside turbulent boundary layer. The results are as follows: 1) Compared to the smooth surface, the buffler layer and logarithmic region of time-averaged velocity profile over the streamwie riblet surface show an evident upward shift, along with a slight decrease of the level of turbulent fluctuations. The upward shift of the buffer layer results in the smaller shear stress over streamwise riblet surface and therefore the drag would be reduced. 2) For both surfaces, the number of prograde vortices increases steeply when moving from the wall until the logarithmic region, followed by a slight decrease when further developing towards turbulent/non-turbulent interface. Compared to smooth surface, the amount of prograde vortices is smaller over the streamwise riblet surface. The correspondence decrease of streamwise length scale of the two-point correlation coefficient indicates the reduction of the streamwise scale of the coherent structure. The reduced number of hairpin vortices also modifies the momentum partition in the turbulent boundary layer, yielding fewer UMZs. The number of UMZ holds a logarithmic relationship with Reynolds number over smooth surface. The relation is still valid over streamwise riblet surface at lower Reynolds number.
